Objective-Plasma pentraxin 3 (PTX3) levels are increased in patients with acute myocardial infarction, yet its involvement in unstable angina pectoris (UAP) remains unclear. To critically evaluate the role of PTX3 in UAP, a sensitive and precise measurement of PTX3 concentration is needed. Methods and Results-We established a high sensitive plasma ELISA assay system for the detection of PTX3 using monoclonal antibodies. The lower limit of detection of our ELISA was 0.1 ng/mL, sensitivity far greater than the current commercially available kit. Plasma samples were obtained from 162 consecutive patients treated for hypertension, hyperlipidemia, diabetes mellitus, or cardiovascular disease at a physician's office. PTX3 was not associated with any known coronary risk factors. Additionally, we collected plasma samples from 252 consecutive subjects admitted to a university hospital for coronary artery assessment by coronary angiography. PTX3 was significantly increased in patients in whom coronary intervention was performed. We further analyzed the plasma level of PTX3 in 52 patients with effort angina (EAP) and 16 patients with UAP. Compared with the control group, PTX3 were significantly higher in the UAP group. Conclusions-The levels of plasma PTX3 were increased in patients with arterial inflammation, especially UAP. This PTX3 detection system will be useful for the prediction of UAP. (Arterioscler Thromb Vasc Biol. 2007;27:161-167.) 
I nflammatory mediators are intimately associated with the cascade of events leading to atherosclerotic plaque initiation, development, and rupture. 1 This recognition has led to the evaluation of several markers of inflammation as potential tools for cardiovascular risk prediction. Among the most actively studied biomarkers is high sensitivity C-reactive protein (hs-CRP). The association between moderately elevated hs-CRP levels and an increased risk for development of cardiovascular events is well established. 2 CRP and serum amyloid P component (SAP) are well known members of the pentraxin family of proteins. Pentraxins are conserved in evolution from Limulus Polyphemus to man. CRP and SAP are referred to as classical short pentraxins and are acute phase proteins produced in the liver in response to inflammatory mediators. Measurement of CRP is routinely used for diagnosis and monitoring of diverse inflammatory and infectious diseases, whereas SAP is a useful probe to identify amyloid deposits. [3] [4] [5] [6] Their main inducer is interleukin (IL)-6. PTX3 is the first identified long pentraxin, consisting of a C-terminal pentraxin module coupled with an unrelated N-terminal domain. 7, 8 PTX3 is structurally related but distinct from classic pentraxins. It differs from the classic short pentraxins in terms of gene organization and localization, ligand recognition, producing cells, and inducing signals.
PTX3 is made in response to primary proinflammatory signals (bacterial products, IL-1, and tumor necrosis factor [TNF], but not IL-6) by diverse cell types, predominantly macrophages and vascular endothelial cells, 9 -12 but not liver. Due to the fact that PTX3 is produced from vascular endothelial cells and macrophages, instead of from the liver, PTX3 levels may more directly reflect the inflammatory status of the vasculature. Given the similarities and differences between PTX3 and CRP, it is important to assess the usefulness of PTX3 as a novel diagnostic tool for acute coronary syndrome. An initial study in acute myocardial infarction yielded encouraging results, 13 and interestingly, it was also PTX3 that we identified as being suppressed by statin treatment in human umbilical vein endothelial cells by cDNA microarray analysis. 14 In the present study we report the development of a high sensitivity ELISA system for plasma detection of human PTX3 using two different monoclonal antibodies. Using this system we investigated plasma levels of PTX3 as a role of predictive biomarker in patients with different severities of atherosclerotic disease.
Methods

Reagents
Buffers and solutions used in the ELISA were as follows: PTX3 recombinant protein for calibration curve; immobilization of antibody on plates buffer of 150 mmol/L NaCl saline; blocking buffer of 1% casein in 10 mmol/L phosphate buffer saline (PBS), pH7.4; calibrator dilution buffer of PBS containing 2% bovine serum albumin, 0.2% MICROSIDE III (Anresco Laboratories); sample dilution buffer of PBS, 0.2% MICROSIDE III; enzyme conjugated antibody dilution buffer of Gardian (Pierce Biotechnology Inc) containing 0.1% casein TBS (Pierce Biotechnology Inc), 0.2% MICROSIDE III; washing solution of 0.05% Tween-20 in PBS; substrate solution of TMB (ScyTeK Laboratories Inc); and stop solution (ScyTeK Laboratories Inc). Commercial PTX3 detection system; anti human PTX3 rat monoclonal antibody; MNB4 (ALEXIS Corporation), biotin conjugated anti Human PTX3 rabbit polyclonal antibody (ALEXIS Corporation).
Antigens
Recombinant human PTX3 was expressed in Chinese hamster ovary (CHO) cells as either his-tagged recombinant PTX3 (rPTX3) or as native non-tagged PTX3 and subsequently purified by means of HiTrap chelating Nickel column (GE Healthcare Bio-Science Corp) or ion exchange HiPrep 16/10 Q XL Column (GE Healthcare Bio-Science Corp), respectively, as previously described. 10 Polymerization of the purified PTX3 recombinant protein was analyzed by 3% to 8% Tris-Acetate gradient gel SDS-PAGE and SYPRO Ruby Protein Gel Stain (Invitrogen Corporation).
Monoclonal Antibodies
PTX3-deficient mice 15 were immunized with intraperitoneal injections of PTX3 in Freund adjuvant (DIFCO, BD) over a period of 4 weeks at 2-week intervals. Fusion of spleen cells from immunized mouse with mouse myeloma cells, NS-1, was performed in a ratio of 10:1 as previously described 16 . Antibody screening was performed by direct enzyme linked immunosorbent assay (ELISA) method. Monoclonal antibodies were purified from ascites using a HiTrap Protein G HP Column (GE Healthcare Bio-Science Corp). Isotype determination was carried out using an ImmunoPure Monoclonal Antibody Isotyping kit II (Pierce Biotechnology Inc) according to manufacturer's instructions.
Preparation of Antibody Coated Plates
Monoclonal antibody PPMX0104 was digested by pepsin into F(abЈ) 2 as previously described 17 . The digested PPMX0104 (100 L of a 5 g/mL solution in saline) was coated on a microtiter plate, MaxiSope (Nalge Nunc) at 4°C overnight. After aspirating and washing with washing buffer 5 times, the wells were then blocked with 1% casein in PBS, pH7.4 at 4°C overnight. The plate was aspirated and washed again and the wells were then coated with 150 L/well of Immunoassay Stabilizer (Advanced Biotechnologies Inc) at 4°C overnight. After which the reagent was discarded and the plate was dried in a desiccation chamber overnight.
Preparation of Anti-PTX3 Detection Antibody-Enzyme Conjugates
One monoclonal antibody (PPMX0105) was digested by pepsin into a F(abЈ) 2 as previously described 17 and conjugated with horseradish peroxidase (HRP) according to the manufacturer's instructions (Peroxidase labeling Kit-SH kit, Dojindo Laboratories).
Assay Procedure
In the typical assay procedure, all incubations were performed at room temperature. Sample dilution (100 L) was added to the wells of the antibody-coated microtiter plates. Each calibrator or plasma samples (10 L) were added to the wells and incubated for 1 hour with shaking (first reaction). After the wells were aspirated and washed 5 times with washing buffer (400 L), Fab'-enzyme conjugate (100 L) were added to the wells and incubated for 1 hour with shaking (second reaction). The wells were aspirated and washed again, and then substrate solution (100 L) was added to each well. After 30 minutes of incubation (enzyme reaction), stop solution (100 L) was added, and the absorbance at 450 nm was measured with a microplate reader system (Towa Labo). Experiments were performed in duplicate except where noted otherwise.
Preparation and Sandwich ELISA of Commercially Available PTX3 Detection System
Commercially available sandwich ELISA for PTX3 was purchased from ALEXIS Corporation (ALEXIS Corporation). Preparation of plates and sandwich ELISA were performed according to manufactures instruction.
Clinical Testing: Population A (Collected From Shin-Yokohama Cardiovascular Clinic)
From January 2006 to April 2006, we measured plasma PTX3 levels in 162 consecutive subjects (unbiased consecutive clinic visitors; age range: 32 to 80 years; 105 men and 57 women) who are treated for hypertension, hyperlipidemia, diabetes mellitus, or cardiovascular disease or come to the clinic for the purpose of an annual health check. We collected baseline data on: body mass index, blood pressure, and history of smoking. We defined prevalent hypertension, diabetes mellitus, or hypercholesterolemia as follows: hypertension, the mean of 2 systolic blood pressure measurements of Ն140 mm Hg and/or diastolic pressure Ն90 mm Hg, or the use of antihypertensive agents; Diabetes mellitus, a hemoglobin A1C level of Ն5.9%, and/or a history of or current pharmacological treatment for diabetes; Hypercholesterolemia, a total cholesterol level of Ն220 mg/dL, and/or a history of or current pharmacological treatment for hypercholesterolemia.
Patient Examination
Brachial-Artery Pulse Wave Velocity
All subjects were evaluated for brachial-artery pulse wave velocity (ba PWV). Ba PWV was measured using a volumeplethysmographic apparatus (Form/ABI, Colin Co Ltd). Details of the methodology were as described elsewhere. 18, 19 The subject was examined while resting in the supine position. Cuffs were wrapped on both brachia and ankles. Pulse volume waveforms at the brachium and ankle were recorded using a semiconductor pressure sensor. Ba PWV was measured after at least 5 minutes rest.
Measuring Carotid Intima-Media Thickness
All patients were evaluated for carotid artery intima-media thickness. Trained technicians used high-resolution B-mode ultrasound to scan three arterial segments bilaterally: the distal 1.0-cm straight portion of the common carotid artery, the carotid bifurcation, and the proximal 1.0 cm of the internal carotid artery. 20 Trained readers measured intima-media thickness according to a standardized protocol, and recorded whether or not they saw an apparent plaque. For analysis, we calculated an overall average of the observed mean intima-media carotid thicknesses of the far wall of the six arterial segments.
Population B (Collected From Juntendo University Hospital)
From January 2006 to July 2006, we recruited 406 consecutive subjects, 318 men and 88 women (mean age 65.6Ϯ10.5 years, range 21 to 88) admitted to Juntendo university hospital for assessment of ischemic heart disease by coronary angiography (CAG). We excluded patients who have a chronic inflammation status (arteriosclerotic obliterans, aortic aneurysm, 21 or rheumatoid arthritis 22 ) because a level of CRP should be increased. We also excluded patients with heart valvular disease because rheumatic fever causes heart valvular disease. And because it is unclear about PTX3 level in patients with renal insufficiency or malignant tumor, patients with more than 2.5 mg/dL level of creatinine or with malignant disease were excluded. Therefore 250 subjects, 197 men and 53 women (mean age 66.3Ϯ9.8 years, range 30 to 87), were analyzed. The patients consisted of 52 patients with EAP and 16 with UAP. Stable angina was defined as typical angina precipitated by exertion or emotional stress associated with electrocardiographic change. UAP was defined as augmenting chest pain with a recent increase in frequency and duration, lasting more than 15 minutes or occurring at rest or during minimal effort. These symptoms were combined with ST-segment depression and any changes in biochemical markers of myocardial necrosis (CPK and troponin T). At the time of examination, no subjects in both populations exhibited any evidence of ongoing systemic or cardiac inflammatory diseases. All subjects were of Japanese nationality, and gave their informed consent. This study was approved by the ethical committee of the institution.
Laboratory Measurements
Plasma total cholesterol, high and low-density lipoprotein cholesterol, fast blood sugar (FBS), hemoglobin A1C, hs-CRP, and plasma PTX3 levels were measured. In each case, 4 mL of blood was drawn in EDTA vacuum containers for PTX3 measurement, and were frozen at Ϫ20°C until time of assay. Blood samples were obtained immediately before coronary angiography after an overnight fast. In urgent CAG cases, blood samples were drawn at the beginning of the emergency coronary angiographic examination.
Statistical Analysis
The data were expressed as meanϮSD. Differences between two groups were analyzed by unpaired t test. All probability values were two-tailed, and values of less than 0.05 were considered to indicate statistical significance. Coefficient of variation (CV) equals the SD divided by the mean value and represents a statistical measure of the dispersion of data points in a data series around the mean, allowing for the calculation of an intra-assay precision. Recovery refers simply to the % of exogenous PTX3 detected after addition to plasma samples. All confidence intervals were calculated at the 95% level.
Results
Purification of PTX3 and Antibody Generation
Recombinant human PTX3 was expressed in CHO cells as either his-tagged rPTX3 or as native non-tagged PTX3 and subsequently purified by means of HiTrap chelating Nickel column or ion exchange HiPrep 16/10 Q XL Column, respectively. Purified His-tagged PTX3 was found to be a monomer, whereas the native form presented as an oligomer (Figure 1a ). Purified antigens were immunized into Balb/c mice, MRL/lpr mice, and PTX3-defficient mice. Antibodies produced from Balb/c, MRL/lpr, and PTX3-deficient mice yielded a mixture of N-terminal and C-terminal targeting antibodies (supplemental data 1). Interestingly, antibodies produced in PTX3-deficient mice proved far superior in ELISA compared with antibodies produced in Balb/c or MRL/lpr mice. Immunization with rPTX3-His in PTX3deficient mice resulted in 10 distinct clones, of which 7 produced N-terminal antibodies and 3 (termed PPMX0104) produced C-terminal antibodies. Whereas, immunization of non-tagged rPTX3 (oligomer) resulted in 16 clones, of which 10 produced N-terminal antibodies and 6 produced C-terminal antibodies (the best of which was termed PPMX0105).
Development of a PTX3 Assay System
A PTX3 ELISA based assay system was developed using PPMX0104 as the capture antibody and PPMX0105 as the detection antibody. A representative calibration curve based on PTX3 calibrators of 0.5 to 20 ng/mL is shown in Figure 1b and 1c. The absorbance at 450 nm against the amount of calibrator exhibited a linear relation. Intraassay precision was 
Analytical Recovery and Assay Linearity
Recovery of exogenously added PTX3 from plasma samples ranged from 89.8% to 108.6% respectively ( Table 1) . Dilution curves of plasma samples showed good linearity (supplemental data 3).
Assay Specificity and Cross Reactivity
Hemoglobin (up to 500 mg/dL), bilirubin (up to 20 mg/L), and chyle (up to 2000 U as Formazine) had no effect on the present ELISA. The cross-reactivity with CRP and SAP was Ͻ0.7%. In regards to PTX3 stability, PTX3 concentrations in whole blood remained relatively unchanged for 8 hours at 25°C with the use of EDTA plasma.
Comparison to Commercially Available PTX3 Assay Kit
To examine the efficacy of our detection system, we compared our newly developed ELISA system to a commercially available ELISA system (Table 1) . Whereas our kit relies on monoclonal antibodies as both the capture and detection antibodies, the commercial ELISA uses a rat monoclonal antibody as the capture antibody and a rabbit polyclonal as the detection antibody. The commercial kit relies on a 3 step assay system to detect PTX3 from EDTA plasma at a range of 0.25 to 12 ng/mL. Our assay system relies on a 2 step system to detect PTX3 from EDTA plasma at a range of 0.1 to 20 ng/mL. Analysis of patient samples using both kits revealed a 0 to 4.3% CV for our assay kit and a 4% to 30% CV for the commercially available kit. In addition, we observed a recovery rate of 97.2% in our assay system compared with an 80% recovery rate in the commercially available kit.
Patients for the Clinical Study
Diagnostic Testing of Clinical Samples, Normal Range of PTX3
Before analysis of plasma PTX3 level in patients with atherosclerosis, we measured PTX3 plasma concentration in 56-healthy volunteers to determine a normal range. Their mean age was 40.1Ϯ12.1 years, and % male was 59.2%. PTX3 averaged 1.98 ng/mL (95% CI: 1.68 to 2.28).
Diagnostic Testing of Clinical Samples, Independence of PTX3 From Established Risk Factors
Hs-CRP has been known to vary with many conditions, eg, smoking, obesity, age, and diabetes, and it is associated with the metabolic syndrome, which is strongly linked to a proinflammatory state. 23 Therefore we analyzed whether plasma PTX3 levels were affected by another coronary risk factor or not. The clinical characteristics of population A are listed in Table 2 . 10.8% of patients were current or former smokers, 28.4% had diabetes mellitus, 30.2% had hyperlipidemia, and 46.9% had hypertension. 38.9% of patients 24 Second, all of the patients' conditions were stable. No one had any symptom of chest discomfort or showed abnormal stress electrocardiograms. In population A, plasma levels of PTX 3 were within the normal range, 2.19 ng/mL (95% CI: 2.02 to 2.32). We classified subjects with ba PWV values of more than 14.0m/sec as a relative high risk group for atherosclerotic disease, and examined their plasma PTX 3 levels. Table 3 shows that PTX3 levels were independent of total cholesterol, HDL cholesterol, hemoglobin A1C, smoking status, gender, or obesity, and additionally did not vary with such conditions.
Association of PTX3 With Coronary Artery Disease
Next, we analyzed plasma PTX3 levels in patients with coronary artery disease. Table 4 . There were no significant differences in BMI, blood pressure, or level of total cholesterol, hs-CRP, or hemoglobin A1C between the two groups. However, HDL levels in the Intervention group were lower than that in the Nonintervention group, whereas, LDL, FBS (fast blood sugar), and plasma PTX 3 in the Intervention group levels were significantly higher than that in the Non Intervention group. The Intervention group consisted of 52 patients with EAP and 16 with UAP. Plasma PTX3 levels were significantly higher in patients with UAP than a Normal group (6.09 ng/mL (95% CI: 4.34 to 7.85), Pϭ0.00003, Figure 2 ). These results indicated that patients who were eligible for coronary intervention showed higher plasma levels of PTX3. Furthermore, because plasma PTX3 levels were significantly increased in patients with UAP, PTX3 levels must be a good predictive diagnostic tool for UAP.
Discussion
In this report, we prepared highly specific monoclonal antibodies against human PTX3 using PTX3-deficient mice, and developed a new sandwich ELISA system. Our assay system can detect PTX3 from plasma at concentrations as low as 0.1 ng/mL, whereas the lowest detectable concentration of commercially available kits is 0.25 ng/mL. Plasma PTX3 levels in healthy volunteers showed around 1.98 ng/mL. Using this system, we measured plasma PTX3 level in two populations of patients, described as population A and B. Plasma PTX3 levels in population A were around 2.19 ng/mL, whereas levels were around 3.04 ng/mL in patients who were eligible for coronary intervention. In patients with UAP, the level of plasma PTX3 was further elevated, to more than three times (around 6.20 ng/mL) those of normal patients.
These results indicate that PTX3 may be a good predictive marker for acute coronary syndrome (ACS). The incidence and potential severity of an ACS makes timely diagnosis and appropriate treatment essential for minimizing morbidity and mortality. Every year in the United States, Ϸ2.5 million patients are admitted to a hospital with an ACS, two thirds of whom are eventually diagnosed with UAP or non-STelevation MI. 24 Atherosclerotic lesions, composed primarily of a lipid-rich core and a fibrous cap, develop in virtually all major arteries. Autopsy and intravascular ultrasound (IVUS) studies have confirmed the presence of coronary arteriosclerosis lesions in the majority of asymptomatic individuals order than 20 to 30 years of age.
Why some plaques rupture and others do not is not entirely understood, although plaques that are prone to rupture share certain characteristics. The presence of large, eccentric lipid cores and a large percentage of inflammatory macrophages are common findings in fissured or rupture plaques. The role of inflammatory cells and mediators in the degradation and weakening of the protective fibrous cap has recently been recognized as a critical component in the pathogenesis of ACS. The majority of lesions rupture at the site of greatest mechanical stress, often the shoulder of lesions where the fibrous cap is adjacent to normal intima, which is also often the site of greatest inflammatory activity.
To make a diagnosis of ACS, biochemical markers and the resting ECG are key components for the proper assessment of a patient with a suspected ACS. The biochemical markers of myocardial necrosis, predominately CPK, as well as troponin T, are also essential in the diagnosis and prognosis of patients with ACS. Because cardiac troponins are not detected in the blood of healthy individuals and are cardiac specific, they are sensitive and specific for myocardial necrosis. But because UAP does not have any cardiac necrosis theoretically, neither CPK nor troponin T levels are elevated. Furthermore some studies have suggested that 5 to 10% of patients with chest pain and exhibiting a normal ECG will subsequently be diagnosed with unstable angina. 25 Therefore, there exists a need to establish an assay system to predict UAP.
PTX3 is an interesting molecule because it was suppressed by statin mostly in endothelial cells, as revealed by gene chip analysis. And, although PTX 3 is in the same family with CRP, its expression pattern is more tissue specific, especially in light of the fact that it is expressed in cells of atherosclerotic lesions, like EC, smooth muscle cells, macrophages, and most recently, in neutrophils. Additionally, in coronary artery at sites distal from the plaque lesion, PTX3 levels were significantly elevated compared with proximal sites, suggesting that PTX3 originates from the atherosclerotic plaque itself, and reflects active atherosclerosis. Therefore, PTX 3 is recognized as the vascular CRP.
Despite the recent recommendations of the Center for Disease Control and the American Heart Association, critical review of the accumulating evidence now suggests that CRP is a relatively poor predictor that does not contribute usefully in this regard. Because elevated CRP levels are intimately linked to conventional CHD risk factors, it would seemingly be less valuable to clinicians. In our study hs-CRP level did not increase in either the EAP or the UAP group (UAP group: hs CRP, 0.48Ϯ0.79 mg/L; EAP group: hs CRP, 0.41Ϯ1.07 mg/L; Pϭ0.83).
Understanding of the inflammatory cascade allows the consideration of a number of inflammatory markers as potentially useful predictors of prevalent or incident coronary artery disease (CAD). In 1998, the American Heart Association convened Prevention Conference V to discuss strategies for the measurement of markers of inflammation. 26 This conference concluded that the most reliable marker to detect acute coronary syndrome must satisfy following criteria: (1) the ability to standardize the assay; (2) independence from established risk factors; (3) association with CAD incidence; (4) the presence of population norms to guide interpretation of results; (5) ability to improve the overall prediction beyond that of traditional risk factors.
Our analysis suggests that PTX3 represents an exceptional biomarker fitting all of these criteria. (1) The ability to standardize the assay: To establish a high sensitivity ELISA system for PTX3, we used different mouse monoclonal antibodies against human PTX3 for capture and signal. Our system could measure plasma PTX3 more stably and precisely, and in a manner more specific with less background than commercially available kits. (2) Independence from established risk factors: Table 3 clearly shows that PTX3 is an independent factor from established risk factors, unlike CRP. Even the cross-reactivity with CRP or SAP was less than 0.7%. (3) Association with CAD incidence: Even in patients with atherosclerotic lesions receiving treatment (so called inactivated inflammatory status) like in population A, plasma PTX3 levels were within normal ranges. But once coronary arteries became eligible for coronary intervention (so called, activated inflammatory status), plasma PTX3 levels increased. These results suggested that this ELISA system represents an ideal tool to predict ACS. (4) The presence of population norms to guide interpretation of results: From 54-volunteer subjects, we determined a normal range of PTX3 of around 1.98 ng/mL (95% CI: 1.68 to 2.28). (5) Ability to improve the overall prediction beyond that of traditional risk factors: Currently, we are performing long term follow-up studies of PTX3 levels in patients receiving treatment, such as statin or aspirin, needed to fully appreciate the overall predictive value of PTX3.
A potential limitation to the present study warrants consideration. We evaluated the predictable utility of PTX3 in a population of patients exclusively with UAP. But because because of the fact that we collected 251 consecutive subjects who had an indication for coronary angiography, only 16 patients could be diagnosed with unstable angina. In general, unstable angina occurs in Ϸ6 of every 10 000 people. 25 Larger studies are warranted in light of these results.
In summary, we developed a highly sensitive ELISA system for human PTX3 in plasma using monoclonal antibodies. Both intra-and interassay imprecision values were less than 4.1% and 4.3%, respectively. The lower limit of detection of this ELISA was 0.1 ng/mL. The dilution curves of plasma showed good linearity, and the recovery was 97.2%. These attributes are far superior to those of a commercially available kit. We found that patients who were eligible for coronary intervention exhibited high concentrations of plasma PTX3, especially in patients with UAP, exhibiting PTX3 levels three times higher than the normal range. This ELISA system provides a unique tool to assist physicians in predicting patients with UAP.
